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Electronic structures of Zn1−xCoxO have been investigated using photoemission spectroscopy
(PES) and x-ray absorption spectroscopy (XAS). The Co 3d states are found to lie near the top
of the O 2p valence band, with a peak around ∼ 3 eV binding energy. The Co 2p XAS spectrum
provides evidence that the Co ions in Zn1−xCoxO are in the divalent Co
2+ (d7) states under the
tetrahedral symmetry. Our finding indicates that the properly substituted Co ions for Zn sites will
not produce the diluted ferromagnetic semiconductor property.
PACS numbers:
Diluted magnetic semiconductors (DMSs) are consid-
ered as good candidates for spintronics materials because
of the possibility of incorporating the spin degree of free-
dom in traditional semiconductors1,2. Motivated by the
recent theoretical calculations by Dietl et al.3 which pre-
dicted room-temperature ferromagnetism in Mn-doped
ZnO, Zn1−xTxO systems (T= 3d transition-metal atom)
have been investigated extensively. Indeed there were
reports that Zn1−xMnxO epitaxial thin films exhib-
ited ferromagnetic properties4,5 and that Zn1−xCoxO
films showed ferromagnetism with the Curie tempera-
ture TC ∼ 300 K
6. However, the reproducibility is some-
what questionable, and there are contradicting reports on
Co-doped ZnO6,7,8. Technologically ZnO-based DMSs of
Zn1−xTxO attract much attention due to the cheapness
and abundance of ZnO, and the easy solubility of T atoms
in ZnO up to several ten %4,9. In addition, since ZnO has
a wide band gap energy of ∼ 3.4 eV, ZnO-based DMSs
would be useful for short wavelength magneto-optical ap-
plications.
In order to understand the magnetic interaction in
Zn1−xTxO, it is essential to understand the electronic
structure of the doped 3d T impurities in Zn1−xTxO.
Photoemission spectroscopy (PES) is one of the powerful
experimental methods for providing direct information
on the electronic structures of solids. To our knowledge,
only a few PES studies have been reported on Zn1−xTxO:
the PES study on Zn1−xMnxO
10 and the Co 2p core-level
PES spectra for Zn1−xCoxO
8.
In this study we have investigated the electronic struc-
ture of homogeneous bulk samples of Zn1−xCoxO using
PES and x-ray absorption spectroscopy (XAS). Differ-
ently from previously reported film samples6, magnetic
properties of our bulk Zn1−xCoxO samples revealed that
the Co-Co magnetic interaction is dominated by the an-
tiferromagnetic coupling11. Magnetic susceptibility at
high temperature exhibits a typical Curie-Weiss behav-
ior with negative TC and the magnetization of Co ion is
reduced with increasing the Co ion concentration reflect-
ing an increase in average antiferromagnetic interaction
between Co ions. Hence the present bulk sample is not
a diluted ferromagnetic semiconductor.
Polycrystalline Zn1−xCoxO samples (x = 0, 0.1)
were synthesized using the standard solid-state reaction
method. Zn1−xCoxO samples were obtained by sintering
a mixed powder of (1 − x)ZnO+xCoO at T ≃ 1400◦ C
for 2 hours followed by the furnace cooling in air. The
x-ray diffraction (XRD) analysis showed that all the sam-
ples have the single phase of the Wurtzite structure with
no impurity phase. Valence-band PES, XAS and Co
2p → 3d resonant photoemission spectroscopy (RPES)
measurements were performed at the 2B1 and 8A1 beam-
lines of the PAL. Samples were cleaned in situ by re-
peated scraping with a diamond file and the data were
obtained at room temperature with the pressure better
than 4×10−10 Torr. The Fermi level EF
12 and the overall
instrumental resolution (FWHM) of the system were de-
termined from the valence-band spectrum of a sputtered
Au foil in electrical contact with a sample. The FWHM
was about 0.1−0.6 eV between a photon energy hν ∼ 30
eV and hν ≈ 600 eV. All the spectra were normalized to
the mesh current. The XAS spectra were obtained by em-
ploying the total electron yield method. The experimen-
tal energy resolution for the XAS data was set to ∼ 0.2
eV at the Co 2p absorption threshold (hν ≈ 700 eV).
Core-level spectra and the valence-band spectrum with
hν = 1486.6 eV were obtained by using the monochrom-
atized Al Kα radiation with a FWHM of ∼ 0.6 eV.
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FIG. 1: Left: Comparison of the Co 2p3/2 → 3d on-resonance
spectrum (hν ≈ 777.1 eV) and the off-resonance spectrum
(hν ≈ 776.4 eV) for Zn0.9Co0.1O, scaled at ∼ 7 eV BE. Right:
Comparison of the valence-band spectrum of ZnO and that of
Zn0.9Co0.1O, obtained with hν = 1486.6 eV. For both cases,
the difference curves are shown at the bottom.
We have measured the valence-band PES spectra of
Zn1−xCoxO (x = 0, 0.1) over a wide several photon en-
ergy range 25 eV ≤ hν ≤ 1486.6 eV, which includes the
Co 2p → 3d RPES energies (see Fig. 2). Our valence-
band PES spectrum of ZnO agrees with the existing data
in the literature13. Valence-band spectra for ZnO and
Zn0.9Co0.1O were rather similar, showing two large struc-
tures, one sharp peak around 11 eV binding energy (BE),
and the other broad band between ∼ 3 eV and ∼ 7 eV
BE. The former and latter peaks are assigned as the Zn 3d
and O 2p emissions, respectively. They also reveal neg-
ligible emission near EF, reflecting that both ZnO and
Zn0.9Co0.1O are insulating.
The left panel of Fig. 1 compares the on-resonance
(hν ≈ 777.1 eV) and off-resonance (hν ≈ 776.4 eV) spec-
tra for Zn0.9Co0.1O in the Co 2p3/2 → 3d RPES, which
are scaled to each other at ∼ 7 eV BE. The difference
between on-resonance and off-resonance can be consid-
ered as representing the Co 3d partial spectral weight
distribution (PSW)14. The right panel of Fig. 1 com-
pares the valence-band spectrum of Zn0.9Co0.1O to that
of ZnO, obtained with hν = 1486.6 eV. The differences
between x = 0 and x = 0.1 also reflect the effect of the
Co 3d states. In both cases the differences are shown at
the bottom, which are very similar to each other, show-
ing a peak around ∼ 3 eV BE and negligible emission
near EF
15. These results provide evidence that the Co
3d states in Zn1−xCoxO are located near the top of the
O 2p valence band.
The extracted Co 3d PSW reveals almost no emis-
sion between EF and 2 eV BE. This feature does not
agree with the calculated Co 3d PDOS (partial density
of states), obtained from the LSDA (local spin-density
780 790 800
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FIG. 2: The Co 2p XAS spectrum of Zn0.9Co0.1O in compar-
ison to those of CoO (Co2+) [Ref.18], LiCoO2 (Co
3+) [Ref.19],
and Co metal [Ref.18]. The data for CoO, LiCoO2, and Co
metal were shifted by +0.1 eV, −3.64 eV and −0.1 eV, re-
spectively. The calculated Co 2p XAS spectrum for low-spin
Co2+ under the Td symmetry is presented at the bottom.
approximation) band structure calculation16. The calcu-
lated Co 3d PDOS for Zn0.75Co0.25O shows a sharp e
2
g ↓
peak near EF. To resolve this discrepancy, more elab-
orate calculations such as LSDA+U incorporating the
Coulomb correlation U between Co 3d electrons will be
required because it is well known that the LSDA calcula-
tion does not properly describe the electronic structures
of insulators with strongly correlated electrons17.
Figure 2 compares the Co 2p XAS spectrum of
Zn0.9Co0.1O with those of reference Co oxides, having the
formal Co valences of 2+ (CoO, Ref.18) and 3+ (LiCoO2,
Ref.19), and that of Co metal (Ref.18). Note that Co
ions both in CoO and LiCoO2 are located at the octa-
hedron (Oh) centers. The peak positions and the line
shape of the T 2p XAS spectrum depend on the local
electronic structure of the T ion, providing the informa-
tion about the valence state and the ground state sym-
metry of the T ion20,21,22. The Co 2p3/2 and 2p1/2 spec-
tral parts are clearly separated by the large 2p core-hole
spin-orbit interaction, and the core-hole lifetime broad-
ening is small, resulting in the sharp multiplet structures.
The Co 2p XAS spectrum of Zn0.9Co0.1O looks similar to
that of CoO except for the absence of the low-hν shoulder
(hν ∼ 776 eV), but quite different from those of LiCoO2
and Co metal. This observation indicates that Co ions in
3Zn1−xCoxO might be in the divalent Co
2+ valence states,
but not in the trivalent Co3+ valence states, and that
the formation of the Co metal cluster in our Zn1−xCoxO
samples can be ruled out.
In order to estimate the valence state of Co ions in the
ground states, we have analyzed the Co 2p XAS spectrum
of Zn0.9Co0.1O within the cluster model where the effects
of the multiplet interaction, the crystal field, and the hy-
bridization with the O p ligands are included21. The cal-
culated XAS spectrum is shown at the bottom of Fig. 2.
We have found that including only one configuration, cor-
responding to Co2+ (d7), and the tetrahedral (Td) crystal
field energy of 10Dq = 0.6 eV yields a good fit for the
measured 2p XAS spectrum23. The analysis shows that
it is not necessary to include the charge-transfer config-
uration, dn+1L1 (L: a ligand hole), indicating that the
hybridization between Co 3d and O p orbitals is small,
in contrast to Mn-doped ZnO case10. We have checked
that small changes in the parameters do not affect the
overall spectral shape including the prominent peak po-
sitions. Based on the calculated XAS spectrum, one can
conclude that the doped-Co ions in Zn1−xCoxO are diva-
lent in the ground states, i.e., Co2+ (S = 3) under the Td
symmetry with a small crystal field energy24. Our finding
suggests that, in our samples, Co ions substitute prop-
erly for the Zn sites with Co2+ valence states. In view
of no long range ferromagnetic order in our samples, the
reported DMS properties in some Co-doped ZnO6,8 are
likely to be extrinsic, that is, to originate from Co cluster
or other impurity phases.
In conclusion, the electronic structures of bulk
Zn1−xCoxO samples have been investigated by employ-
ing PES and XAS. According to the Co 2p → 3d RPES
and the careful comparison between x = 0 and x = 0.1,
the Co 3d states in Zn1−xCoxO are found to lie near the
top of the O 2p valence band with a peak around ∼ 3
eV BE. The measured Co 2p XAS spectrum shows that
the ground states of Co ions in Zn1−xCoxO are the diva-
lent Co2+ states under the Td symmetry corresponding
to the total spin of S = 3 per Co ion. Our finding sug-
gests that the properly substituted Co ions in Co-doped
ZnO do not produce the DMS property with the long
range ferromagnetic order.
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